Germination of 12 collections of pIains rough fescue (Festlrccr ultaica Trin. subsp. ha&i (Vasey) Harms) from Saskatchewan was evaluated in 55 constant and alternating temperature regimes ranging from 0 to 44 C. Combined influences of temperature and water stress on germination were studied by incubating seeds in a gradient of osmotic potentials at constant temperatures of 5,10, 15, 20, and 250 C and under regimes where temperatures were either increased from 10 to 25" C or decreased from 25 to 100 C. Seeds germinated in 80 to 87% of the 55 temperature regimes tested with maximum total germination between populations ranging from 34 to 100%. Germination was highest most often d constant temperatures of 15 and 20" C, but seeds germinated over a wide range of temperatures. Germination rate and total germination responded to the interacting effects of temperature and osmotic potential. Under constant temperatures, 71 to 88% of the variation in germination was accounted for by osmotic potential. Seeds germinated fastest, in the highest numbers, and over the broadest range of osmotic potentials at 10 to 20" C. Germination was higher and more rapid over the range of osmotic potentials when temperatures increased from 10 to 250 C than when they declined from 25 to 10" C. Osmotic potential accounted for 65 to 74% of the variation in germination. The plastic response of germination to temperature suggested that while this factor does not limit regeneration of plains rough fescue from seed, germination is severely restricted by declining osmotic potentials. These moisture iimitations reflected adaptations that preclude germination under conditions of transient moisture or low moisture availability. Plains rough fescue should be pbted in the spring when temperatures are rising and soil moisture is highest.
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Objectives of this study were to: I. characterize germinationtemperature relationships for several collections of plains rough fescue from Saskatchewan, and 2. identify its germination response to various temperatures and osmotic potentials. This information will assist those charged with developing strategies for reestablishing and managing Fescue Prairie.
Materials and Methods
Three germination experiments were conducted. Germination of 12 collections of plains rough fescue from Saskatchewan was evaluated in 55 constant and alternating temperature regimes ranging from 0 to 40' C in the first experiment. In the second experiment seeds of 8 collections were incubated at 5, 10, 15, 20 , and 25O C in a gradient of osmotic potentials that was created by using polyethylene glycol (PEG) to depress osmotic potentials. Eight collections were evaluated in the third experiment, which was designed to evaluate germination response under various osmotic potentials when temperatures were either increased from 10 to 25" C or reduced from 25 to 10" C.
Seeds of plains rough fescue were collected in Saskatchewan at 8 sites in 1987 and 4 sites in 1988 (Table 1) . Seed production was alternating temperatures. Alternating temperature regimes consisted of a 16-hour cold period and an I-hour warm period, at all possible higher temperatures in each 24-hour interval. For example, 2" C (cold period) was alternated with 5, 10, 15,20,25,30,35, and 40' C (warm period) , whereas 25O C (cold period) alternated only with 30, 35, and 40" C (warm period). Germination was recorded after 1, 2, and 4 weeks of incubation; seeds were considered germinated when the radicle was at least 5 mm long. A randomized complete block design with 4 replications was used. Germination parameters from the temperature-germination regression equations are defined as: 1. Mean germination-the average germination of the 55 temperatures regimes; 2. Mean of regimes with some germination (regimes with 0% germination are excluded); 3. Percentage with some germination-the percentage of the 55 temperature regimes in which some seeds germinated; 4. Maximum-the highest germination of the 55 temperature regimes; 5. Maximum mean-the average germination of the temperature regimes with maximum germination, and; 6. Percentage with maximum germination-the percentage of the 55 temperature regimes with germination not lower than the maximum germination minus one-half its 95% confidence interval. The frequency of maximum is the percentage of the time that each temperature regime supports maximum germination. This value is determined across the collections, providing an estimate of the optimum temperatures for germination. Details of the statistical procedures provided by Evans et al. (1982) .
Procedures Used for Experiments 2 and 3
Ecological interpretation of many germination experiments is difficult because tests are conducted for specific periods of time over a range of temperatures. These arbitrary incubation periods introduce time as a confounding factor because seeds are not receiving equal thermal units at all temperatures. Therefore, in Experiments 2 and 3 the length of incubation periods was based on a set number of degree days using 0' C as the base temperature. This was done because germination is a temperature-sensitive process, and the use of degree days integrates both time and temperature (Johnson and Thornley 1985) .
Solutions were prepared to depress osmotic potentials to -0.3, -0.6, -0.9, -1.2, and -1.5 MPa by adding PEG (M.W. 20,000) to distilled water. Distilled water was used as the control (0.0 MPa).
Osmotic potentials of these PEG solutions were determined with a Wescor vapor pressure osmometer.
A randomized complete block design with 50 seeds in each of 4 replications was used. Seeds were incubated in closed petri dishes on 1 mm thick germination paper that was moistened by adding 7 mL of water or PEG solution. These petri dishes were enclosed and sealed in polyethylene bags to prevent desiccation. Germination counts were made at 2day intervals; a seed was considered germinated when the plumule and radicle were both at least 5 mm long. Germinated seeds were removed from petri dishes, and after completing the incubation period the ungerminated seeds were dissected to determine if they were filled. Thus, data for Experiments 2 and 3 are expressed as a percentage of florets that actually had fully developed caryopses.
Experiment 2-Constant
Temperature-Osmotic Potential Effects on Germination
Seeds were incubated at 5, 10, 15,20, and The effects of osmotic potential, and temperatures decreasing from 25 to 10" C and increasing from 10 to 25" C, were studied in Experiment 3. Temperatures were increased or decreased at a rate of 0.5" C per day, but the actual change in degree days depended on temperatures. Seeds were incubated for 600 degree days and germination was tallied using the procedures described in Experiment 2. Mean osmotic potentials and standard errors (n=4) were -0. Within collections the treatments were factorially applied using temperature regimes and osmotic potentials as the main effects. 'Mean germination is the average germination of the 55 temperature regimes tested. 2Mean of regimes with some germination excluding regimes with no germination. 'Percentage with some germination is the percentage of the 55 temperature regimes in which some seeds germinated. 4Percentage with maximum germination is the percentage of the 55 temperature regimes having maximum germination. SMaximum mean is the average germination of the temperature regimes with maximum germination. SMaximum germination is the highest germination observed in the 55 temperature regimes.
Data Analyses for Experiments 2 and 3
Since we were not able to collect seeds from plants grown under uniform environmental conditions, it was deemed inappropriate to make comparisons of germination responses among collections because of environmental influences on parent plants. Therefore, after transforming total germination percentage and germination rate (%/degree day) (Maguire 1962 ) with arcsin &each collection was subjected to factorial analysis of variance using temperature or temperature regime and osmotic potentials as main effects (Snedecar and Cochran 1980) . Variance components were then estimated from analysis of variance by determining the percentage of the total variation that was accounted for by the main effects and their interactions. The best tit polynomial response curves were then developed for total germination and germination rate in Experiment 3 (Steel and Torrie 1980) . All statistical analyses were conducted at the KO.05 probability.
Results

Influence of 55 Constant and Alternating Temperature Regimes on Germination
Mean total germination over all temperature regimes ranged from a high of 41% for the 1987 Sonningdale collection to a low of 12% for the Pinto Butte collection ( Table 2 ). The 1988 Sonningdale collection had the second lowest total germination percentage of the 12 sources tested, showing that large year-to-year variation existed.
Seeds germinated in 80 to 87% of the temperature regimes tested, with total germination at these temperatures averaging from 14 to 48% (Table 2) . Maximum total germination was 70% or higher in 9 of the 12 collections tested. Germination was maximum in 4 to 13% of the regimes with means varying between 32 and 96%.
For the 1987 collections 7 temperature regimes supported maximum germination at least once; it occurred with a frequency of 80% at 15115 and 20/20° C (Table 3 ). These same temperature Table 3 . Frequency of maximum germhution for temperature-germbmtion profiles for ail collections of plains rough fescue seed collected Saskatchewan.
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45 (4) 39 (3) 32 (2) 23 (3) 12 (4) 25 41 (4) 32 (2) 22 (2) 11 (4) 30 31 (4) 19 (3) 35 6(4) I3 (4) o (4) 40 o(6) 'Maximum values are underlined and defined as those values not lower than the maximum minus I/ 2 its confidence interval (PSO.05). The values in parentheses are one-halfthe confiicnce interval. 5). These were the only sites where collection was possible in both years. Year-to-year and site-to-site variability are reflected in both sources with the Cypress Hills collection displaying highest total germination and optimal temperatures that were more restricted in 1988 than in 1987. The Sonningdale collection showed a reversed response with highest and lowest total germination in 1987 and 1988, respectively, but the range of optimum temperatures varied little. Much of this variation between collections is attributed to variation in the percentage of filled seeds (Table 2) ; however, dormancy can not be ruled out as a contributor to some of this variation.
Constant Temperature-Osmotic Potential Effects on Germination
Germination of all collections was the product of the interacting effects of temperature and osmotic potential. Generally, total germination and germination rate were lowest at 5 and 2S" C and highest at intermediate temperatures (Tables 6 and 7) . Total germination was highest and seeds germinated most rapidly over the broadest range of osmotic potentials at 10 to 20' C. Over the entire temperature range, germination was severely restricted by declining osmotic potentials; no seeds germinated at osmotic potentials below -0.81 and -0.99 MPa for the 1987 and 1988 collections, respectively.
Analysis of variance showed that 71 to 88% of the variation in total germination was accounted for by osmotic potential. The combined effect of temperature and the interacting effects of temperature and osmotic potential accounted for 10 to 23% of the variation. These variance components implicated water stress as the primary determinant of germination.
Ascending and Descending Temperatures and Osmotic Potential Effects on Germination
Total percent germination was higher and germination rate more rapid over a broader range of osmotic potentials when incubated under temperatures that were increasing from 10 to 25" C than when temperatures declined from 25 to 100 C (Fig. laand lb) . Table 8 . Table 6 . Mean total germination ($) and standard errors for the temperature and osmotic potential lntenction for 8 coUections of phins rough fescue seed incubated for 400 degree days (base temperature quals 00 C) at temperatures between 5 and 25" C in a gradient of osmotic potentials. In all cases total germination-osmotic potential relationships were quadratic in the increasing temperature regime; conversely, total germination declined linearly as osmotic potentials declined under the descending temperature regime for all collections (Table 8 ; Fig.  la) . Whether under the ascending or descending temperature regime, germination rate declined in a linear fashion as osmotic potentials decreased (Table 8 ; Fig. lb) .
Osmotic
Water stress was the major contributor to variation observed in total germination. Sixty-live to 74% of the variation in total germi- Table 7 . Mean germination rate (%/degree day) end standard errors for tbe temperature and osmotic potent&l interaction for 8 collections of plains rough fescue seed incubrted for 400 degree days (base temperature equals 00 C) at temperatures between 5 and 250 C in a gradient of osmotic potenthls. nation was accounted for by osmotic potential, while 2534% of the variation was partitioned into the influence of temperature regime and the interacting effects of temperature regime and osmotic potential.
Discussion
Temperature does not appear to place major restrictions on the germination of plains rough fescue; seeds can be expected to germinate over a wide thermal gradient. However, moisture availabil- Table 8 . Regression equations for total germhtion and germination rate in ascending and descending temperature regtmes for 8 collections of piains rough fescue seeds incubated for 600 degree days (base temperature equals 00 C) in a gradient of osmotic potentials. Y is total germination (%J) or germination rate (%/degree day) and X is osmotic potential (-MPa ity imposes severe limitations on its germination, especially at the have an after-ripening requirement, since preliminary tests showed extremes of the range of temperatures tested. This finding was germination of freshly harvested seeds averaged 8 1% and 87% at highlighted by compartmentalizing variance of germination whereloo C and 20° C, respectively (Romo, unpublished data). Therein moisture stress accounted for the largest percentage of total fore, provided seeds reach safe sites, they can germinate immevariation.
diately upon ripening. Plants possessing seeds with exacting requirements for germination can establish more successfully than those with few restrictions (Hegarty 1978) . However, in an environment with changing moisture conditions the opportunities for germination may be reduced for seeds with specific moisture requirements. If moisture stress is low, seeds of plains rough fescue can germinate over a broad range of temperatures; but water stress overrides temperature influences, and narrows the conditions where germination will occur. This response presumably reflects an adaptive strategy because plains rough fescue is generally restricted to habitats with cooler and moister conditions than those of the Mixed Prairie of the northern Great Plains (Coupland and Brayshaw 1953, Ayyad and Dix 1964) . Such an adaptation protects against germination under conditions of transient or low soil moisture, limiting most germination to periods with protracted conditions of high soil moisture.
Exposure to the descending temperature regime and water stress reduced germination, and this reduction was not overcome by exposure to progressively lower temperatures. Relatively warm soil temperatures and water deficits are usually simultaneous events in Fescue Prairie. Providing seed mortality does not occur, dormancy induced by warm temperatures and water stress may act to preserve a portion of the seedbank for germination at a later date. However, a seedbank for the closely allied rough fescue is negligible (Johnston 1961) . Induction of dormancy under these conditions may also serve to block germination that would otherwise predispose seedlings to temperature and moisture conditions that may not be conducive for their growth and survival.
These data clearly illustrated that germination is potentially high when seedbed temperatures are moderate. That maximum germination occurred most frequently at IS/ 15 and 20/ 20" C, and seeds germinated over the broadest range of osmotic potentials at temperatures between 10 and 20" C, is strong evidence that moderate temperatures are optimum for germination. Similar results were reported for rough fescue, with maximum germination occurring in 6 of the same 55 regimes, with a frequency of lOwcat 15/ 20° C . Johnston (1961) reported that total germination for rough fescue was highest at 13,18, and 24' C and it was lowest at 30° C.
With increasing temperatures, the restrictions imposed by water stress were not as strong as those imposed by declining temperatures. In Fescue Prairie, an increasing temperature regime is characteristic of spring. In spring, soils usually have high moisture content because of moisture recharge from snowmelt and early precipitation. Increasing temperatures also provide conditions favorable for growth of seedlings (Smoliak and Johnston 1968) . However, the germination response observed under increasing temperatures in the present study may be modified by overwinter chilling of seeds. Stratification of plains rough fescue seeds at 2' C reduces germination under an ascending temperature regime (Romo, unpublished data).
This range of optimal germination temperatures is similar to that in the soils of the Fescue Prairie during July and August (Johnston et al. 1971 ) when most seeds of plains rough fescue shatter from plants. Seeds of plains rough fescue apparently do not
The basic biological limitation of sexual reproduction in plains rough fescue is its infrequent production of seed. Exact reasons for this sporadic flowering are not known (Johnston and MacDonald 1967) . Since plains rough fescue is a long-lived and weakly rhizomatous plant, high rates of regeneration from seed may not be necessary for maintenance of populations (Grime 1979) . This proposition assumes that asexual reproduction is not being limited and mortality rates are not altered. However, most remaining stands of plains rough fescue are severely depleted because of imprudent grazing management. In these depleted stands vegetative expansion is reduced, and the importance of regeneration from seed is elevated compared to pristine stands.
Complicating this issue of sexual regeneration is the fact that microenvironmental conditions of most Fescue Prairie has been substantially transformed by grazing. Temperature extremes of the soils are greatest and soil moisture is reduced (Johnston 1961 , Johnston et al. 1971 ). Cold and warm temperatures, and widely fluctuating temperatures, greatly reduced germination of this grass, and water stress is a major determinant of germination. Thus, the combination of high seed production and conditions favorable for germination and growth are probably a rare sequence of events that are made more unlikely by improper grazing activities.
Management Implications
Plains rough fescue has the ability to germinate over a broad range of temperatures, but severe restrictions are imposed by reduced moisture availability. These characteristics together with the fact that seeds germinated more rapidly and in higher numbers over a wider range of osmotic potentials when temperatures were increased from low to high temperatures suggest that this species should be planted in early spring when seedbed temperatures are increasing.
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